Abstract The Middle America convergent margin is capable of generating tsunamigenic earthquakes as portrayed through historical data. However, historical tsunamigenic sources appear to be unevenly distributed along the Middle America convergent margin. The last significant tsunami generated along the southern segments of this convergent margin occurred in 1992 causing 10-m run-up in Nicaragua. In particular, the Costa Rican Pacific coast has not clear evidences of significant wave heights or local tsunami events. Partly this could be explained by the lack of historical data since paleotsunami information is not available; thus, no tsunami data beyond 500 years could be found. Nevertheless, large rupture areas or shallow ruptures offshore Costa Rica cannot be neglected. We hereby present the results of numerical simulations aimed to assess the tsunamigenic potential of seismic sources offshore southern Central America. Our approach follows the deterministic method where earthquake maximum credible scenarios are assessed. We assumed hundreds of fault ruptures to obtain surface displacement and tsunami wave heights at the shoreline to assess the tsunami threat along south Nicaragua and Costa Rica. These fault scenarios are based on historical earthquakes as well as on the newest geodetic studies that provided slip deficit. Shallow part of locked segments in this region could release accumulated stress in the near future and may generate tsunamis similar to the 1992 Nicaragua M w 7.6 and 2012 El Salvador M w 7.4 tsunami earthquakes. The numerical simulations presented in this study show that maximum wave heights up to 2-6 m could affect the southern Pacific coast of Central America even when moderate-to-large M w 7.0-8.0 interplate or outer rise earthquakes occur.
Introduction
Tsunamigenic earthquakes occur mainly along subduction zones, where approximately 90 % of the worldwide seismic moment has been released (Pacheco et al. 1993; Heuret et al. 2012) . As portrayed through historical data, the Middle America convergent margin is capable of generating tsunamigenic earthquakes (Molina 1997; Fernández et al. 2000) . According to the regional seismic catalogs, more than one hundred earthquakes with magnitude higher than M w 7.0 occurred along Central America during the last 500 years (Rojas et al. 1993; Storchak et al. 2013) , triggering 40 tsunamis along both of the coastal areas (Fig. 1a) . Most of these events had small tsunami magnitudes, yet nine events were classified as destructive tsunamis. The most destructive near-field tsunamis were generated in 1902 (El Salvador) and 1992 (Nicaragua). The 1992 M w 7.6 Nicaragua earthquake generated a 10-m tsunami run-up-the highest run-up ever recorded along Central America (CAM)-and resulted in 170 casualties (NGDC/WDS 2015) . Historical data indicate only small tsunamis throughout the coastal areas south to the 1992 M w 7.6 Nicaragua earthquake ( Fig. 1) . Partly, this could be explained by the fact that historical earthquakes mostly occurred beneath or close to the land (Marshall and Anderson 1995; Chacón-Barrantes and Protti 2011; Marshall et al. 2012 ) thus leaving less potential to generate a destructive tsunami. This observation was recently exemplified by the 2012 M w 7.6 Nicoya earthquake (Hayes et al. 2012) . CO Cocos Plate, CNSC Cocos-Nazca Spreading Center, CoR Cocos Ridge, GaIs Galapagos Islands, HeE Hess Escarpment, NAM North America Plate, NZ Nazca Plate, PFZ Panama Fracture Zone, RSB rough-smooth bathymetry boundary, SA South America Plate, RI Rivera Plate. Topographic and bathymetric map of Central America is based on global multi-resolution topography (Ryan et al. 2009 ). b Main earthquakes that occurred along southern Nicaragua and the Nicoya Peninsula are shown in red. The red contours show slow slip deformation (Jiang et al. 2012) ; the dark gray triangles show the location of slow events (Walter et al. 2011; Davis et al. 2011) ; the red circles represent earthquakes hypocenter with magnitudes M w [ 6.8 and depth less than 70 km. Colored zones represent the earthquake deformation zones of the 1950 M w 7.8 earthquake (Güendel 1986) ; the 1992 M w 7.6 Nicaragua earthquake (Kikuchi and Kanamori 1995) ; the 1990 M w 7.0 Cóbano earthquake zone (Protti et al. 1995a, b) ; the 1983 M w 7.4 and 1999 M w 6.9 rupture zones from Bilek et al. (2003) . The 1750 M w 7.2 and 1916 M w 7.3 earthquake zones have been assumed based on scaling relations (e.g., Strasser et al. 2010) which ruptured a portion of the plate interface located under the Nicoya Peninsula (Feng et al. 2012) .
Despite the absence of destructive historical tsunamis, the tsunami threat for Costa Rica should not be neglected. A period of 500 years of historical observations is simply too short to exclude occurrences of significant offshore earthquakes with large recurrence intervals. Moreover, recent worldwide series of giant earthquakes and tsunamis-2004 Sumatra, 2010 Chile and 2011 Japan-motivated several authors to rise a question about our fundamental understanding of where large earthquakes may occur (McCaffrey 2008; Goldfinger et al. 2013 ). In particular, some studies have suggested the possibility of simultaneous rupturing of several tectonic segments along the Middle America mega-thrust fault that could generate giant earthquakes with long recurrence periods (McCaffrey 2008) . Such scenarios could trigger destructive tsunami. In addition, Schellart and Rawlinson (2013) discuss the possibility of a multi-segment rupturing of the plate interface north of the Osa Peninsula that could extend toward the southern edge of the Nicoya Peninsula with a total moment magnitude up to *M w 8.4 (Fig. 2) . Nonetheless, the limited seismogenic width and the patchy coupled zone of the Cóbano-Herradura, Quepos-Sierpe and OsaBurica segments might not allow long periods of stress accumulation therefore appearing Fig. 2 Focal mechanism of selected earthquake scenarios discussed in this study. The seismotectonic segments used to define earthquake scenarios are separated by green (outer rise) and colors show the interplate segmentation. White and light gray rectangles show areas of the faults used in the numerical simulations. Red area represent the geodetic coupling offshore Nicaragua (Correa-Mora et al. 2009; LaFemina et al. 2009; Ye et al. 2013 ). The MAT is represented as black contour, and the slab contours are shown for every 20 km (light gray) unlikely that magnitudes higher than M w 7.5 occur along this region (Arroyo et al. 2009; Marino Protti, pers. Comm. 2013) .
In previous years, few studies were conducted to estimate the tsunami hazard in Costa Rica, targeting one single region of Puntarenas, a coastal barrier located at the eastern margin of the Nicoya Gulf where approximately 3000 people live and holding the port of Caldera, the most important port facility of the Costa Rican Pacific coast. Ureña (2005) simulated tsunami threat based on one scenario along Nicoya Peninsula, concluding that an earthquake at this place could generate a tsunami which could affect the port. Other studies assessed tsunami threat along Puntarenas also based on one single earthquake scenario offshore Nicoya Peninsula (Chacón-Barrantes and Protti 2011) or simulations based on the 1906 Colombia-Ecuador earthquake (Ortiz et al. 2001) . In the present study, we consider a number of seismic scenarios incorporating different focal mechanisms and different rupture locations. We extent the target area beyond Puntarenas and evaluate the tsunami hazard along the southern Nicaragua and Costa Rican Pacific coast.
Tsunami threat studies rely on the understanding of the tectonic setting, seismic budget, slip deficit and historical and paleotsunami information to define plausible fault sources or maximum credible scenarios. In Sect. 3.1, we explain the criteria used in the selection of the earthquake scenarios. Generally, they are based on: (1) historical events, (2) results of recent geodetic study on plate coupling, and (3) hypothetical events proposed in the literature. For example, ruptures along the plate interface offshore Nicoya are considered based on the remaining slip deficit calculated from geodetic campaigns at the Nicoya Peninsula (Feng et al. 2012; Dixon 2013; Protti et al. 2014) , and taking into account the slip distribution of the latest 2012 M w 7.6 Nicoya earthquake (Yue et al. 2013) . These data are essential to address an important and currently debated topic on tsunami hazard pending for Costa Rica after the 2012 M w 7.6 Nicoya earthquake. Hence, following Yue et al. (2013) , we show tsunami simulations of the remaining slip deficit that could eventually rupture along the shallow coupled region similar to the 2012 Nicoya earthquake, or in turn, similar to the 1992 Nicaragua tsunami earthquake with magnitude between M w 7.5-7.7.
Furthermore, the Middle America interplate seismogenic zone appears to be prone to generation of the so-called tsunami earthquakes. Kanamori (1972) introduced this term to characterize the earthquakes generating much larger tsunamis than would be expected from their seismic magnitude. The 1992 Nicaragua and 2012 El Salvador events are examples of 'tsunami earthquakes' along this margin. 'Tsunami earthquakes' commonly rupture the shallow part of the mega-thrust and reveal long source duration which could be attributed to the rupture propagation into elastically weak sediments (Bilek and Lay 1999a; Lay and Bilek 2007) . Numerical simulations (Imamura et al. 1993; Satake 1995) demonstrated that a low rigidity value along the shallowest part of the plate interface results in higher slip and unusual high tsunami excitation. Recently, Walter et al. (2013) suggested that shallow rupture can occur south of the epicenter of the 1992 Nicaragua earthquake, breaking along the offshore locking patch where tremors and very low-frequency events have been recorded. Highly heterogeneous distribution of coupling could be one of the explanations regarding the lack of giant earthquakes along Middle America convergent margin; however, with possible strong locked patched at shallow depths (e.g., LaFemina et al. 2009; Ye et al. 2013 ) whose potential shallow rupture could trigger large tsunamis. Following these ideas, scenarios that resemble 'tsunami earthquakes' have to be considered addressing the effects of the interplate rigidity on tsunami hazard assessment.
In addition to the classical interplate events and according to past events along Middle America convergent margin, other type of rupture that needs special attention in tsunami hazard assessment includes outer rise events. These earthquakes that could rupture along the normal outer rise faults generally at deep ocean bottom have triggered large tsunamis in other regions of the world (Christensen et al. 1988; Lay et al. 2010; Á lvarez-Gómez et al. 2012) .
The goal of this paper is to assess the tsunamigenic potential posed by the seismotectonic segments along the southern Middle America convergent margin (Fig. 1) . To acquire this, we performed tsunami simulations of hundreds of possible earthquake scenarios along the outer rise and the plate interface offshore southern Nicaragua and Costa Rica, using historical, geodetic and geophysical data to define the seismic sources. In this study, we address the following questions: (1) What are the main near-field tsunamigenic sources that could affect southern Nicaragua and Costa Rica? (2) Could the outer rise earthquakes pose high tsunami threat along these coastal communities? (3) What are the maximum wave heights generated by shallow ruptures along the mega-thrust similar to the 1992 Nicaragua tsunami earthquake?
We conducted numerical simulations of selected scenarios although we do not consider all possible sources and their recurrence period-a full probabilistic tsunami hazard assessment (PTHA) will be a subject of a following study-but instead we pursue the concept of deterministic approach by considering a limited number of representative, expected maximum credible-case scenarios (e.g., Tinti and Armigliato 2003; Lorito et al. 2008; Okal et al. 2010 ). In the following Sect. 2, we continue with an overview of the tectonic setting and the seismicity. Section 3 provides an explanation of source determination and the applied modeling techniques. In Sect. 4, we describe scenario selection, and the Sect. 5 presents the foremost results of our study.
2 Seismotectonic characterization of southern Central America
Tectonic evolution and segmentation
Nicaragua and Costa Rica lie on the southwestern edge of the Caribbean Plate, a region where the Cocos, Caribbean, Nazca plates and Panama microplate interact (Fig. 1) . Bounded between several tectonic plates, southern Central America represents a region of high seismicity and tsunami hazard along both its Pacific and Caribbean coasts. The convergence rate of the southern Middle America Subduction Zone varies, according to the Pacific Velocity (PVEL) model estimates, from 8.23 ± 0.22 cm/year offshore Nicoya Peninsula (DeMets et al. 2010 ) to 9.3 cm/year toward southeast Costa Rica (DeMets 2001) . Since the Middle Miocene, the Costa Rican margin is experiencing processes that characterize it as an erosional margin where long-term subsidence has been occurring mainly in the last 6.5 Ma (Vannucchi et al. 2001; .
Offshore Costa Rica, the margin wedge is composed of igneous complexes that are found along the coastal regions in Costa Rica, i.e., the Nicoya Complex (Hinz et al. 1996; Barckhausen et al. 1998; Denyer and Gazel 2009) . The margin wedge is overlain by slope sediments showing an onlap (vonHuene et al. 2000) . Normal faults offsetting sedimentary strata and possibly the margin wedge have been mapped along the entire margin (Ranero et al. 2003 (Ranero et al. , 2007 . Furthermore, normal faults along the outer rise have been related to the slab bending. These faults penetrate up to 20 km into the oceanic plate offshore Nicoya and have been related to hydration processes at the crust and mantle (Barckhausen et al. 2001) . Nat Hazards (2016) 80:901-934 905 The oceanic Cocos plate has a complex tectonic origin, expressed in segmentation according to its age and structural patterns (Protti et al. 1995a; Werner et al. 1999; Barckhausen et al. 2001 ). This compound origin generates along-strike bathymetric variations. Off Nicaragua and the northern region of the Nicoya Peninsula oceanic crust was formed along the East Pacific Rise (EPR) 24 Myr ago, and it is characterized by smooth bathymetry (Ye et al. 1996; vonHuene et al. 2000) . A rougher seafloor characterizes the segments offshore the Central Pacific coast, with seamounts and other bathymetric highs originated at the CocosNazca Spreading Center (CNS) (Barckhausen et al. 2001) . The oceanic plate segment subducting beneath southeastern Costa Rica has been formed at the Galápagos Hotspot 14 Myr ago (Werner et al. 1999) , where the Cocos Ridge was originated (Fig. 1a) .
Furthermore, the Nicaragua and Costa Rican margins have been divided also into segments of variable coupling that are related to factors such as variation in friction caused by bathymetric highs. For instance, strong interplate coupling prevails beneath the Nicoya Peninsula, whereas toward the central Pacific the subduction of seamounts could promote large normal stresses that appear unevenly distributed (Protti et al. 1995b; Feng et al. 2012) . Plate interface microseismicity extends from 17 to 28 km and 12 to 26 km beneath the northern and southern Nicoya Peninsula, respectively (Newman et al. 2002; DeShon et al. 2006) . However, the rupture of intermediate to large earthquakes (M [ 7) could propagate to depths shallower and deeper than the seismogenic zone defined with microseismicity alone (DeShon et al. 2006) , as observed during the 1950 M w 7.8 (Avants et al. 2001 ) and the 2012 M w 7.6 earthquakes (Yue et al. 2013; Arroyo et al. 2014) . Possible explanations for this difference include multiple transitions in mechanical behavior related to thermal processes and changes in effective stress along the Nicoya Peninsula (e.g., Schwartz and DeShon 2007) .
Subducted seamounts are more common along the southern edge of the Nicoya Peninsula toward the central Pacific segment. These seamounts and bathymetric highs appear to act as zones of strong moment release and may allow ruptures at shallow depths that tend to be complex (Bilek et al. 2003; Wang and Bilek 2011) . Evidence of asperities related to subducted seamount have been proposed to explain the 1990 M w 7.0 event outside the Nicoya Gulf (Husen and Kissling 2002; Protti et al. 1995b) , as well as for the M w 7.6 Nicaragua 'tsunami earthquake' (McIntosh et al. 2007; Sallarès et al. 2013) .
The along-strike and dip segmentation used in this study takes into consideration geophysical studies that illuminate the geological processes which information aids to determine possible earthquake scenarios. Several structural segmentations of the Middle America convergent margin have been revised following seismicity, tectonic structures and coupling patterns (Fig. 2) . The segmentation along the study area follows previous studies such as Protti et al. (1995a) to differentiate segments of Nicaragua (herein PapagayoMasachapa segment), Nicoya, central Costa Rica (e.g., Cóbano-Herradura and QueposSierpe), and the southern Costa Rica (Osa-Burica) segments. Besides, the seismotectonic segments along the outer rise are defined following the dense fabric of extensional faults along the Middle America Trench (MAT) (Ranero et al. 2003 , Á lvarez-Gómez et al. 2012 .
Finally, another aspect that shed light on the mechanical process that is essential to understanding the seismic potential is the occurrence of tremors and slow slip events in the shallow parts of the mega-thrust. Non-volcanic tremor (NTV) and slow slip activity up-dip and within the seismogenic zone have been documented below the Nicoya Peninsula ( Fig. 1) (Outerbridge et al. 2010; Walter et al. 2011) . Six slow slip events have been recorded since 2000 with an average of 21 ± 6 months (Jiang et al. 2012) . These events along Nicoya were first recognized on the year 2000 and 2003 (Protti et al. 2004; Brown et al. 2005) . A slow slip event (SSE) was recorded in 2007 at 25-30 km depth under the peninsula and the entrance to the Gulf of Nicoya (Outerbridge et al. 2010) . Slow slip events in shallow depths are also identified offshore the Nicoya Peninsula (Davis et al. 2011; Jiang et al. 2012) . The coincidence of offshore tremors and very low-frequency earthquakes (VLFEs) in this area suggests that the plate interface sometimes becomes locked near the shallow limit which has an important implication for tsunami hazard (Walter et al. 2013 ). In Fig. 1b , we illustrate the coexisting occurrence of slow slip events (red contours) and tremors (black triangles) from those studies offshore the Nicoya Peninsula.
Main earthquakes along study region from 1900 to 2012
Earthquakes of small and moderate magnitudes largely characterized the seismicity along south Nicaragua and Costa Rica ( Table 1 ). There have been thirty events with magnitudes (2009); LG2008: Lefeldt and Grevemeyer (2008) ; Y2013: Yue et al. (2013) that range between M w 7 and 7.8 since the beginning of the nineteenth century (Rojas et al. 2013) . The main ruptures of recent earthquakes with magnitudes between M w 7.0 and 7.8 have occurred along regions where geodetic data have indicated higher coupling ( Fig. 1 ).
Moderate earthquakes have also ruptured along the normal outer rise faults offshore Nicaragua in 2004 (M w 6.3) and offshore Nicoya in 2000 (M w 6.4). These events provide a better comprehension of the seismicity patterns offshore the study region. The 1992 M w 7.6 Nicaragua tsunami earthquake rupture the shallow part of the megathrust causing high tsunami excitation very near to the trench (Satake 1995) . South of this region, an event M w 7.3 occurred in 1916 which location is uncertain but have possibly ruptured along the down-dip limits of the seismogenic zone off Santa Elena Peninsula (Tristán 1916) .
Moreover, the 1950 M w 7.8 Nicoya earthquake has been the largest event recorded in the area of study. This earthquake ruptured beneath the Nicoya Peninsula. Güendel (1986) documented the aftershocks extension up-dip and down-dip of the (interplate) interseismic seismicity. The 1978 Samara events ruptured also beneath the Nicoya Peninsula, and it has been proposed that this event released about 15 % of the potential slip accumulated since 1950 (Güendel 1986; Protti et al. 2001) . The 2012 M w 7.6 Nicoya earthquake ruptured beneath the peninsula in a fully locked zone determined by previous studies (e.g., Feng et al. 2012) . Toward the south of Nicoya Peninsula, the 1990 M w 7.0 Cóbano earthquake rupture is allocated with a subducted seamount beneath the Gulf of Nicoya (Husen and Kissling 2002) . The 1990 earthquake marks the northern edge of the central part of the Costa Rican margin highlighting a different coupling pattern between segments (Protti et al. 1995b ).
In the Central Pacific and southeast Costa Rica, a magnitude M w 7.4 is the strongest earthquake that has been recorded. Two events have occurred offshore Dominical: the 1999 Quepos M w 6.9 (Bilek et al. 2003 ) and the 2002 M w 6.4 Osa earthquake (Arroyo et al. 2014 ; Fig. 1 ). The 1983 Osa earthquake (M w 7.4) is the strongest recorded in the region and has been characterized as a slow rupture (Tajima and Kikuchi 1995) . The slip distribution of the 1983 Osa earthquake reflects the impact in the seismicity patterns of the bathymetric features along the incoming Cocos plate (Bilek et al. 2003; Wang and Bilek 2011) . In Table 1 , relevant earthquakes documented in seismic catalogs in the last 500 years are shown, and a more extensive description of these earthquakes is given in the supplementary material.
Methods and data
We focus our analysis to local (near-field) seismic sources assuming several ruptures within seismotectonic segments along the interplate and outer rise (Fig. 2 ). For this purpose, we have integrated seismic reflection models, microseismic studies, zonation of probabilistic seismic hazard, bathymetry spatial analysis, geodetic data and historical seismicity to corroborate the limits of segmentation previously proposed for the Nicaragua and the Costa Rican margins (Rojas et al. 1993; Güendel and Protti 1998; vonHuene et al. 2000; LaFemina et al. 2009; Feng et al. 2012; Benito et al. 2012; Wang and Bilek 2014) .
The earthquake maximum credible scenarios (MCS) were defined using historical earthquake data and geodetic data such as slip deficit distribution. We assume MCS as the maximum magnitude capable of rupture mainly within the limits of these seismotectonic segments. In order to define the location and the maximum rupture length, we used morphological and seismicity patterns that characterized the along-strike and along-dip Nicaraguan-Costa Rican margins. One way to obtain the rupture characterization for each earthquake was based on historical events that occurred within that segment, taking into account regional seismic catalogs (e.g., Rojas et al. 2013) , the Global Earthquake Model (GEM) and Global Centroid Moment Tensor (gCMT) catalogs. The latter has been used to constraint the earthquake focal mechanisms. The three-dimensional geometry of the MAT (Hayes et al. 2012 ) has been used to complement the constraints on strike and dip of the seismic sources. Ruptures top and bottom depths were mainly acquired from geodetic data where locking and slip deficit were provided as well as from seismic tomography studies from which limits of the seismogenic zones have been delimited. In addition, rupture extent of previous earthquakes was also considered.
Based on previous data, we have considered earthquakes in a range of M w 7.2-8.0 to simulate surface deformation by using a half-space deformation model (Okada 1985) .
Earthquake parameters and surface deformation
We have used a common approach where geodetic data or past events are used to constrain the possible rupture size, slip deficit and location. The geometrical characteristics of the fault, the focal mechanism and the amount of expected slip for each rupture are the input data to obtain surface deformation by means of the uniform half-space model (Okada 1985) analytical solutions. The surface deformation models are the essential input for tsunami modeling. We used RuptGen numerical code (Babeyko et al. 2010) to simulate the surface deformation that is the initial condition of the water displacement and tsunami propagation.
Hundreds of earthquakes scenarios have been assumed along the study region. This was performed by creating a grid of epicenters separated every 20 km. Each point corresponds to an earthquake focal depth. At that focal depth, we estimated the slab dip, strike and select a range of rakes obtained from previous earthquakes as well as from the Slab1 model (Hayes et al. 2012) . The length and width of the rupture, the seismic slip and the rigidity provide the size of the expected moment magnitude in that segment. In some cases, several magnitudes and rigidity values were considered within the same seismotectonic segment to assess the implications that different parameters have in the wave heights.
We used two ways to obtain the earthquake size and rupture parameters. The first approach depends on the slip deficit distribution models available from geodetic campaigns (Feng et al. 2012; Protti et al. 2014) . In this case, slip and possible rupture areas are given, and the earthquake seismic moment has been obtained based on Eq. 1 (Aki 1966 ) using different rigidity values.
In Eq. 1, the l represents the rigidity of the crust, D refers to the fault mean slip, and the A refers to the area of the rupture. In this case, the interplate rigidity has been assumed for example, from 10 to 45 GPA from the shallow depths to the deeper zone of the seismogenic zone (Bilek and Lay 1999b) . Either slip or magnitude moment is needed as part of the initial parameters to acquire surface deformation models. Based on the relation provided by Hanks and Kanamori (1979) , the moment magnitude has been estimated for each seismic scenario as follows (Eq. 2).
In the second approach, the earthquake magnitude has been approximate either from historical data or from the expected earthquake area. The magnitude-area scaling relations (Strasser et al. 2010 ) are used to obtain the rupture length and width for the expected magnitude. Subsequently, Eq. 3 is applied to estimate the seismic moment providing the moment magnitude. Once the seismic moment is estimated and the rupture area is known, then the Eq. 1 is solved to obtain the rupture's mean slip (Kanamori and Anderson 1975) .
The rupture parameters are the initial conditions that allow computing the static field of surface vertical displacements in the source area using the algorithm of Okada (1985) . In this study, most of the fault scenarios use the center of the rupture to obtain surface deformation. In the RuptGen code, the center of the rupture is considered by default to solve the Okada model, yet in some cases, the 'top-center' of the rupture has been considered. The latter was used to limit the upper part of the rupture, mainly in the shallowest regions of the mega-thrust where low coupling is expected. Finally, with the surface deformation models, we proceed with tsunami numerical simulations (selected simulations are shown in the supplementary material).
Tsunami propagation
To compute the tsunami propagation of multiple seismic scenarios, we applied EasyWave tsunami numerical code (http://trac.gfz-potsdam.de/easywave; see also Hoechner et al. 2013 ). This tsunami code uses a linear numerical approach that integrates shallow water equations in spherical coordinates. The code is based on the leapfrog scheme of the finite difference method (FDM) and follows the TUNAMI-F1 algorithm (IUGG/IOC 1997). The linear numerical approach is commonly used to simulate propagation to perform hundreds of tsunami simulations for tsunami hazard assessment in short time. Due to large number of simulations, we perform our analysis mainly using EasyWave to assess wave heights. All the scenarios run for 4 h, with a maximum computational time step of 2 s to assure the Courant stability criterion (CFL). Since inundation modeling is not simulated directly, the wave heights at shore are calculated from offshore positions (*50 m water depth) using Green's law given by
Accordingly, the wave heights at the shoreline at 1 m depth (H c ) are calculated by multiplying the water amplitude (H o ) to the fourth root of the ocean depth (D o ) at the offshore virtual gauge or coastal point of interest (POI). GEBCO bathymetry with spatial and grid resolution of 0.5 0 is used in the calculations. We acknowledge that it is also important to perform simulation with nonlinear shallow water equation to account for, i.e., bottom friction that affects maximum inundation; nonetheless, this is out of the scope of this study. Although it is not the main goal of this paper to assess inundation along these coastal sites, we compared the first arrivals of several EasyWave simulations with the HyFlux2 code (Franchello 2010 ) that provides effects of nonlinear processes close to the shore. Due to the lack of detailed bathymetry, we cannot account for the influence in run-up posed by the coastal features that appear in the high-resolution datasets. Thus, the simulations with nonlinear approximation were used to confirm some of the EasyWave code results (mainly for the first wave arrivals). The HyFlux2 model has been developed to simulate severe inundation scenario due to dam break, flash flood and tsunami run-up. The model solves the conservative form of the twodimensional shallow nonlinear water equations using a finite volume method (FVM). A second-order scheme was applied to the water surface level and velocity. The second-order scheme together with the shoreline-tracking method makes the model well balanced in respect to mass and momentum conservation laws, providing also reliable results for inundation (Franchello 2010 ).
Selected fault scenarios
We define seismic segments that could be differentiated by seismic patterns with plate coupling variations within short distances. This segmentation could explain the occurrence of earthquakes with moderate magnitudes. For example, rough relief and structural segmentation could be a constraint to the occurrence of great ruptures along Costa Rican margin (Protti et al. 1995a ). Even when a multi-asperity rupture cannot be ruled out (McCaffrey 2008), we restricted simulations to earthquakes with magnitudes in a range M w 7.4-8.0 based on the recent studies, which characterized the MAT as a region with predominant low or very heterogeneous coupling.
Based on the tectonic segmentation described on Sect. 2 for the Nicaragua-Costa Rican margin, we have defined seismic sources at four segments along the interplay and three segments along the outer rise. Figure 2 shows the Papagayo-Masachapa segment which is the northern segment (12°N) considered in this study. This segment extends south toward the Papagayo Peninsula limiting the Nicoya segment. The northern boundary of the Nicoya segment is consistent with the proposed edge of the 1992 deformation Nicaragua earthquake and is characterized by strong interplate coupling (Feng et al. 2012) . The 1990 Cóbano earthquake limits the Nicoya segment to the south, where the incoming Cocos plate is characterized by smooth bathymetry (Fig. 1) . Toward the central Costa Rica, the Cóbano-Herradura and Quepos-Sierpe segments are consistently delimited with seismicity patterns and with the transition to rougher bathymetry due to the submarine seamounts (Fig. 1a) . The central of Costa Rican interplate segment has been characterized with the highest seismic activity of the Costa Rican margin (Benito et al. 2012 ), yet according to seismic catalogs with predominance of small-to-moderate earthquakes. The southeast margin of Costa Rican, the Osa segment encloses the Cocos Ridge being described as one of the regions with lowest seismicity rate (Benito et al. 2012) ; nevertheless, three earthquakes M w [ 7 were recorded on the last 200 years (Table 1 ). The fact that mainly events of moderate magnitude (M w \ 8) occur along this margin could be related to subducting volcanic ridges and chains with heterogeneous internal structure and where underlying ocean crust is detached from upper plate inducing low coupling (Müller and Landgrebe 2012) . Thus, a constant stress released prevails through small earthquakes or throughout aseismic processes.
Finally, three segments in this study comprise outer rise faults according to structures described in previous studies along MAT (Ranero et al. 2003) . We simulate ruptures that could generate events with magnitudes between M w 7.2-7.7 (Fig. 2) , following recurrence period and similar scenarios such as the ones proposed by Á lvarez- Gómez et al. (2012) . Table 2 Parameters used for simulations of interplate earthquakes along Papagayo-Masachapa. These parameters are used to estimate the surface deformation of a single fault-with mean average slip-using the Okada (1985) 
Seismic sources along Papagayo-Masachapa segment
The faults off Papagayo-Masachapa are parametrized using the location of highly coupled regions as well as considering historical seismicity. For example, the faults PM2, PM4 and PM8 (Fig. 2) are allocated to the high-moderate coupled patches that overlap with the southern edge of the Nicaragua 1992 deformation zone. Thus, this set of possible ruptures offshore Nicaragua are centered at depths ranging from 10 to 20 km where strain accumulation is more likely along this margin (LaFemina et al. 2009; Correa-Mora et al. 2009 ). This zone reflects how strongly locked patches surrounded by weakly coupled zones coexist at shallow regions of the subduction interface (Correa-Mora et al. 2009 ). The extent of the coupling offshore Nicaragua is limited to depths shallower than 20 km, which is consistent with the location of the 1992 Nicaragua earthquake (Fig. 2) . The seismic catalog of Central America (Rojas et al. 2013 ) shows that at the deeper limit of the 1992 M w 7.6 event, moderate earthquakes have been generated. Thus, we have considered a wider rupture such as fault PM3, with the fault extending from depths of 2 km to 36 km depth (Table 2) . Furthermore, moderate-to-strong (M w 7-7.9) earthquakes with magnitudes, i.e., M w 7.3-7.6, have occurred offshore Santa Elena (Fig. 2) . Recently, a series of earthquake with maximum magnitude M w 5.9 have ruptured at 6 km depth offshore northwestern Costa Rica (Linkimer and Alvarado 2014) . We are aware of the earthquake location uncertainties offshore, though it appears that this earthquake could have occurred in the region of high coupling area shown as red polygon in Fig. 2 . The PM8 is characterized by shallow rupture with 10 km focal depth extending along an area of 5605 km 2 southeast of the 1992 tsunami earthquake rupture limit. Thus, we consider this event to have a similar rupture to the 'tsunami earthquake' M w 7.6 in 1992 with rigidity 20 GPA and 2.8 m of slip ( Fig. 2; Table 2 ).
In addition, along this segment we selected the historical earthquake such as the 1916 M w 7.3 and the event on the year 1750, with an estimated M w 7.4 that ruptured offshore Santa Elena Peninsula (Fig. 2) . The fault scenarios PM9 (M w 7.4) and PM6 (M w 7.7) are located north of the 1916 event with mean slip of 1.4 m and 2.65 m, respectively.
The 1916 M w 7.3 Papagayo earthquake ( Fig. 1) have generated important ground motion and was felt by population; therefore, it is difficult to determine whether the earthquake corresponds with an earthquake of slower rupture such as the 1992 M w 7.6 Nicaragua that rupture north of this event (Kikuchi and Kanamori 1995) or other tsunami earthquakes worldwide that have generated large tsunamis despite their moderate magnitudes (Newman et al. 2011; Ulutas et al. 2012 ). We used a moderate earthquake to test the tsunamigenic potential of smaller magnitudes likely to occur in this region. The location of the fault PM16 corresponds with the 1916 M w 7.3 Papagayo earthquake, with magnitude M w 7.4. The rupture has a length of 71 km and 52 km along dip extending from 14 to 30 km depth with a mean slip of 1.4 m (Fig. 2) .
Finally, the scenarios PM2 and PM4 of the same magnitude show that higher slip due to decreasing rigidity at shallower depths could yield larger tsunamis at the shoreline. In that case, we present a comparison of tsunami simulations based on different shear modulus according to the premise that rigidity increases with depths along the interface (Bilek and Lay 1999a, b; Geist and Bilek 2001) . A profile that illustrates the higher surface deformation due to lower rigidity (thus higher slip) is shown in Fig. 3. 
Seismic sources along Nicoya segment: uniform slip and slip deficit distribution models
Recently, interseismic coupling models have been developed for the Nicoya segment (i.e., Feng et al. 2012) . These seismic and geodetic data can provide the basis to assess the spatial distribution of the interseismic behavior and (future) coseismic rupture as was shown for the 2004 Sumatra, the 2010 Chilean earthquake and 2011 Tohoku-oki earthquakes (Konca et al. 2008; Loveless and Meade 2011; Moreno et al. 2010) . Several studies have suggested the possibility of remaining slip deficit offshore Nicoya Peninsula. Protti et al. (2014) suggested that the remaining strain could be released as aseismic or as slow slip events, or as *M w 7 earthquake. Alternatively, Yue et al. (2013) implied the possibility of a rupture offshore Nicoya Peninsula with magnitude similar to Table 2 ). The schematic cross sections show the different uplift and subsidence due to the higher fault slip that resulted in PM2 with respect to the scenario PM4 due to different shear modulus considerations for the same seismic moment the 2012 Nicoya earthquake (M w 7.6). Following this hypothesis, we used interseismic model from Feng et al. (2012) where slip deficit of the 2012 Nicoya earthquake is extracted (Yue et al. 2013) . Thus, in an attempt to assess a set of possible faults along this margin, we restricted an area that considers the strongly coupled patches, and also a larger area is considered including moderate-to-low slip deficit toward the north and closer to the trench (Fig. 4) .
According to the remaining slip deficit data and the area of the fully locked region for Nicoya Peninsula, we construct the fault N12 comprised of 118 subfaults with a magnitude M w 7.52 (Table 3) . These 118 subfaults are based on discretization of slip deficit models. Figure 4a shows an interpolation of slip deficit after the 2012 (Yue et al. 2013 ) earthquake which model is the input data for the scenario N12.
Following the rupture model proposed by Protti et al. (2014) , we have assumed the rupture scenario N15 with a maximum slip deficit of 4.5 m in an area of 45 km 9 37 km enclosing 39 subfaults each with an area of 5 km 9 5 km which yields a moment magnitude M w = 7.2. The upper limit of this rupture is consistent with the depth of 12 km proposed as the up-dip edge of the seismogenic zone off Nicoya Peninsula (DeShon et al. 2006) .
Although difficult to forecast, there is increasing evidence that an earthquake rupture could extent along large portions of creeping segments, which have been considered as barrier to rupture propagation (e.g., Noda and Lapusta 2010) . This is consistent with the hypothesis that the highly laterally heterogeneous structures could enhance a spectrum of potential slip responses rather than a rigid partitioning of the plate boundary into seismic and aseismic regions (Brown et al. 2005) . Accordingly, the earthquake N85 accounts for a rupture in shallower parts of the mega-thrust offshore Nicoya. The N90 scenario has a magnitude M w 7.5 and mean slip of 2.7 m rupturing at 15 km depth. Table 4 shows the parameters used in the simple Okada (1985) model where a smaller value of shear modulus (l) of 20 GPA has been considered. 
Central and southeast Costa Rican Pacific margin
Central and southern Costa Rican margin were divided into several segments due to the rough bathymetry of the Cocos Plate consisting of seamounts, ridges and plateaus generated at the Galapagos hotspot (Barckhausen et al. 1998) . We have assessed the tsunamigenic potential of moderate earthquakes based on local segmentation of the central Pacific and southeast Costa Rican margin, which are consistent with the seismogenic zone characterized by using interseismic interplate seismicity (Arroyo et al. 2013) . Arroyo et al. (2009) imaged the Jaco and Parrita subducted seamounts located upward from the seismogenic zone in the Central Costa Rican margin that could explain localization of strain and the smaller ruptures (Fig. 1b) . These authors have stated that most of the seismicity originated at the seismogenic zone of the plate boundary appears mainly beneath the continental shelf at depths of 15 to 25-30 km dipping *18°.
Bilek et al. (2003) compared different earthquake sources along Costa Rica, concluding that Osa Peninsula 1983 earthquake source indicates a region where bathymetry imprint has an implication to slow ruptures. The latter is of interest assuming the influence of the source complexity that could influence on tsunami excitation. Table 5 shows the focal mechanism used for the scenarios with M w 7.5 and shear modulus of 20 GPA for scenarios C1H, C14 and C15, a value of 25GPA for the scenarios C4, C5 and C8. For the bigger rupture assumed in this segment, an overall rigidity of 30 GPA was considered.
We have assessed shallow ruptures where high coupling/creeping ratio has been proposed (Wang and Bilek 2014) . Therefore, fault C1H represents a rupture limited within subducted seamounts. The fault scenario CH1 could generate an earthquake of magnitude M w 7.3. We have assumed an area of 2760 km 2 with slip of 2 m. This fault extends off Herradura within the Parrita scars ( Fig. 2) with 69 km length and 40 km along dip thus providing that the dip is 14°, a mean slip of 2 m is considered.
Based on previous ruptures in the central margin, we have assessed a fault that ruptures between the 1999 Quepos event and the 2002 Osa earthquake (Fig. 2) . The main event of the 2002 seismic sequence occurred approximately 20 km SE of the subducted relief (Arroyo et al. 2014) . We have estimated in scenario C14 a bigger rupture region extending within the 1999 and 2002 earthquakes. By means of scaling relations, a rupture of magnitude M w 7.4 has been assumed, resulting in a rupture area of 3956 km 2 with a mean slip of 2 m.
In contrast, Schellart and Rawlinson (2013) proposed the possibility of a big earthquake (*M w 8.4) breaking in the southeast of Costa Rica and propagating along the adjacent Cóbano-Herradura segments of the MAT. Following, two ruptures of M w 8 and M w 7.6 have been used to assess tsunami threat due to rupture propagation through several seismotectonic segments. Large earthquakes appear rather unlikely given the constant moderate ruptures along this margin which leaves limited time to accumulate stress. Nonetheless, to assess tsunami threat to Costa Rican coasts, we have simulated the scenario Table 4 Parameters used for simulations of interplate earthquakes rupturing toward the trench off Nicoya. These parameters are used to obtain surface deformation with the Okada (1985) Ocean depth refers to the value of the sea bottom over the focal depth of the rupture with magnitude M w 8.0 (C2) assuming multi-asperity propagation. The rupture has a length of 154 km and width of 66 km. In addition, fault C12 represents a partial rupture of C2 with M w 7.6 occurring offshore Quepos (Fig. 2) .
Outer rise segments
Outer rise faults along Central America are revealed by geophysical data (Ranero et al. 2003) and seismological studies (Lefeldt and Grevemeyer 2008) . The outer rise events have been described as consequence of the bending the oceanic plate subducting beneath another plate. Consequently, previous fault fabrics are activated that could rupture as normal-faulting earthquakes with focal depths up to 20-30 km into the lithosphere (e.g., Spence 1986; Ward 1983). The outer rise earthquakes have been recorded at depth up to 30 km along Central America (Lefeldt and Grevemeyer 2008) . Off Nicoya bending-related faults penetrate down to 18-20 km depth into the oceanic mantle (Ranero et al. 2003) . The maximum magnitude recorded in Central America is an event of M w 6.5. Recently, Á lvarez-Gómez et al. (2012) calculated maximum magnitudes and their return period ranging between 2 years for M w 5.5 earthquakes to 560 years for a magnitude 7.9 earthquakes. Following Á lvarez-Gómez et al. (2012), we have simulated 4 possible outer rise events in the southern MAT, with magnitudes between M w 7.4-7.7 and return periods between 218 and 350 years, respectively. The strike of the faults follows the main patterns that range from N300°E-N330°E to N250°E-N275°E directions along MAT (Á lvarezGómez et al. 2012). The parameters used are summarized in Table 6 .
Results: surface deformation and tsunami potential
Here we present the tsunami modeling of selected scenarios for events ranging from magnitude M w 7.2 to 8.0. We present results of tsunami modeling for 22 representative seismic sources along the study area.
Tsunami threat from the Papagayo-Masachapa segment interplate earthquakes
The scenario PM2 consists of a rupture with seismic moment 4.467 9 10 20 Nm. This earthquake has the main surface deformation at an ocean depth of about 500 m. The fault has an average slip of 4.4 m; generating a maximal uplift of 1.8 m and the maximal subsidence of 0.4 m. As shown in Fig. 5 , the highest wave amplitudes are expected at Coco and Tamarindo beaches (Costa Rica) and along Masachapa (Nicaragua), resulting in 5 and 3 m along those towns. The estimated arrival time along Papagayo Peninsula and Tamarindo is less than 5 min. The fault PM4 with magnitude M w 7.7 is similar to the scenario PM2; conversely, we have applied a rigidity of 30 GPA. The rupture area is also 111 km 9 61 km width. The difference in applying different rigidity at depths resulted in wave amplitudes higher almost a factor of 2 when compared to the surface deformation of the two events. Details of focal mechanism and resulted uplift are shown in Table 2 . The results of numerical simulations for the tsunami scenarios PM2 and PM4 show high variability of wave heights along the shoreline. These results also indicate higher wave heights for the scenario PM2 with respect to PM4 due to the higher mean slip when using different rigidity similar to the rupture models that explain the 1992 Nicaragua tsunami earthquake. Nat Hazards (2016) 80:901-934 919 Table 6 Parameters used for simulations of outer rise earthquakes. The ocean depth has been retrieved from the projection of the focal depth to the sea bottom The scenario PM3 with seismic moment of 4.467 9 10 20 Nm (M w 7.7) is characterized by a fault with focal depth of 14 km which rupture extends close to the trench, generating a vertical displacement of 1.4 m and a maximum depression of 0.27 m. The maximum amplitude at tide gauge (*20 m depth) is summarized in Fig. 6a . The maximum wave height at the shoreline is in the range of 3.2-3.4 m along Masachapa (Nicaragua) and Coco beach, Costa Rica. Time arrival as show in Fig. 6b is critical for the northwest Costa Rica with arrival less than 5 min.
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The scenario PM5 comprises a rupture of 111 km length and 61 km along dip, with mean slip of 2.65 m generating an event of magnitude M w 7.7. The simulated maximal uplift is 1.1 m and the subsidence of 0.4 m. Computed waveforms for this scenario show that highest wave heights are expected north Costa Rica with values of 3.5 m along the shore. The estimated time arrival is less than 3 min. Up-dip of this scenario, we assume PM6 a shallower rupture similar to PM5 to test focal depth implication; nevertheless, just few centimeters difference in wave heights at the shoreline was recorded. Similar scenario was simulated to test a rupture of M w 7.6 extending up-dip to 4 m depth of the mega-thrust, generating 3-to 5-m waves along Coco beach. Figure S2 and S3 supplementary material shows that the wave height values reached in this simulation are focused along northwest Costa Rica and dissipating energy fast through the rest of the study area where the wave heights at shore do not exceed 1 m.
In scenarios PM9 and PM16, we have considered rupture extending toward the trench starting at depth of 25 km. The maximum wave heights simulated for PM9 are 2.5 m at Panama and Iguanita beaches and wave heights of 1.5 m in Masachapa. There is low threat to Coco and Tamarindo beaches from these scenarios since waves along the shore do not exceed 1 m. Simulations of fault PM16 indicate that maximum waves are focusing toward Figure 6 summarizes all computed waveforms and estimated arrival times at the 12 virtual gauges from tsunami scenarios in the PapagayoMasachapa. The wave heights variations along the Nicoya coast are possibly influenced by coastal features such as closed bays. Our results show that Iguanita beach and Coco beach reflect a distinct pattern than the nearby beaches. These different patterns were confirmed by more detailed simulations with the nonlinear HyFlux2 numerical code (Franchello 2010) . We attribute this difference to process such as refraction although this hypothesis has to be tested with higher bathymetry resolution. Fig. 6 a Wave heights at the shore of selected coastal towns. b Estimated time arrival at shoreline assessed from the Papagayo-Masachapa seismic sources. MA Masachapa, CO Coco, TA Tamarindo, PU Puntarenas, GA Garza, SA Samara, HE Herradura, PA Parrita, DA Damas, DO Dominical, DR Drake, BA Banco, CoIs Coco Island (see Fig. 2 for location of the coastal points of interest)
Tsunami threat from offshore Nicoya Peninsula interplate earthquakes
We present the results of the tsunamigenic scenarios providing moderate size of earthquakes, based on the possible remaining slip offshore the Nicoya Peninsula. Taking into account the fault N12 with magnitude M w 7.5, a coseismic surface deformation of 1.2 and 0.4 m subsidence has been simulated. The outcomes of the tsunami simulation are wave heights that range between 1.5 m and 6 m recorded along the Nicoya Peninsula virtual gauges (Fig. 7a) . The highest waves along the coast vary from 3 to 6 m between Tamarindo and Carrillo coastal sites. In southern Nicaragua (Masachapa), maximum wave height is 0.5 and 0.9 m of wave height at shoreline when applying Green's law, with an Fig. 7 a Wave heights at the shore of selected coastal towns. b Estimated time arrival at shoreline assessedfrom the Nicoya seismic sources. MA Masachapa, CO Coco, TA Tamarindo, PU Puntarenas, GA Garza, SA Samara, HE Herradura, PA Parrita, DA Damas, DO Dominical, DR Drake, BA Banco (see Fig. 2 for location of the coastal points of interest) estimated time arrival of almost 1 h in Nicaragua but less than 3 min in the northwest of the Nicoya Peninsula.
The scenario N15 where a smaller magnitude is considered shows that even an earthquake of magnitude M w 7.2 occurring off the Nicoya Peninsula could generate wave heights up to 2 m. However, our simulations show large wave amplification at Tamarindo and Samara beach areas are affected by wave heights of 3-6 m at the shoreline. In the tsunami simulations, it is shown that along Samara the 6 m wave heights could be related to the highest fault slips off this region (Fig. 3) . This high tsunami could also be related to local effects and the Green's law approximation. Figure 7 shows that most of the coastal towns are not reached by waves with amplitudes higher than 3 m. The first wave will reach coastal towns such as Tamarindo and Samara in less than 3 min.
In scenarios N85 and N90, we consider a rupture extending through the creeping zone toward the trench with focal depths of 12.5 and 15 km, respectively. The maximum wave heights simulated for N85 are 2.7 m offshore at Garza beach; this wave appear to amplify along the shore reaching 4.5 m. Simulations of N90 indicate that maximum waves are focused toward the south of the Peninsula reaching maximum wave heights of 3 m at south the Nicoya Peninsula (wave at shore about 5 m).
Tsunami threat from the Costa Rican central and southern segments
We tested moderate scenarios followed by what has been proposed as possible tectonic segmentation and barriers that limit earthquake propagation. Overall, these faults of M w 7.5 could generate tsunami when ruptures occur toward the trench such as the fault C14. The coastal towns that could be more affected by tsunamis are coastal towns along Dominical with 2 m and 3 m along Drake. Conversely, the scenario C2 (M w 8) could generate wave heights at shoreline of 7 m, for example, in Parrita and Quepos coastal towns.
The fault C8 is not capable to generate very high tsunami, just local effects that could explain the event of August 5, 1854, where historical documents mentioned that a small coastal town was totally affected and therefore residents move to northern areas of the Osa Peninsula (Fernández et al. 2000) . In Fig. 8 , we summarize the computed waveforms and estimated arrival times at the 12 virtual gauges from the central and southern scenarios. The tsunami propagation maps for each fault are in the supplementary material.
We compared the different bathymetry profiles along this study area; we show the variation of rougher bathymetry (Fig. 9) for Papagayo segment, off Nicoya Peninsula and for the Central Pacific margin. In the latter, rougher bathymetry characterizes the Cocos plate with subducting seamounts and wave pattern shows the possible effects on tsunami patterns, for example, in PM2 and C5 (Fig. S3 and S7-supplementary material) .
Tsunami threat from the outer rise earthquakes
The width of fault models to calculate tsunami potential from outer rise faults has been constraint between 35 and 61 km along the interplate and length up to 111 km according to the earthquake magnitude and the scaling relations ( Table 2 ). The simulations presented in this study show that events occurring in southern Nicaragua and Nicoya pose a threat of wave amplitudes in the order of 2-7 m (Fig. 10) .
First, the scenario O2 is set along the northern part of our study region. This rupture with magnitude M w 7.7 implies a slip of 4.5 m occurring at 16 km depth. This scenario is similar to the fault proposed in an assessment study of the outer rise tsunami potential along MAT (Á lvarez-Gómez et al. 2012) . Our results indicate that this event could generate wave heights up to 4 m along this coast, except for Coco beach where simulated waves show a higher peak of 6 m. Meanwhile, the simulations for scenario O3 show that time arrivals would range from 10 to 15 min for Tamarindo, Garza and Samara towns, with wave heights reaching about 2-and 5-m waves at the shoreline.
Second, the scenarios O4 and O4B are placed offshore Nicoya Peninsula occurring at the outer rise (Fig. 2) . The earthquake characteristics represent a rupture with magnitude M w 7.6 and 7.5, respectively. These events could generate wave height up to 4 m along the Nicoya Peninsula and run-up of 5-6 m in Tamarindo and Coco beaches with arrival times of 5 min. Finally, the scenario O5 represents a smaller earthquake rupturing along normal fault off the central Costa Rican margin which can generate wave of 3 m in Quepos and 1.5 m in Herradura towns (Fig. 10) . 
Discussion
We studied the potential tsunamigenic seismic sources that could strike southern Nicaragua and Costa Rica. We present a systematic assessment where multiple sources and parameterization have been considered based on integration of seismotectonic features. We determined that several sources described in this study could represent a risk of the coastal communities along southern Nicaragua and northwestern Nicoya Peninsula mainly due to shallow ruptures offshore. We presented the results as individual maps to assess the fault configuration and parameters that are posing higher threat, providing a better understanding of the seismic sources that we have selected. The seismic sources we chose are based on realistic geological characteristics, by systematically testing the rigidity implications for shallow ruptures and the possibility of tsunami generation when small-to-moderate earthquake Fig. 10 Wave heights at shoreline-from the outer rise seismic sources. MA Masachapa, CO Coco, TA Tamarindo, PU Puntarenas, GA Garza, SA Samara, HE Herradura, PA Parrita, DA Damas, DO Dominical, DR Drake, BA Banco, Cois Coco Island (see Fig. 9 for location of coastal points of interest) Nat Hazards (2016) 80:901-934 927 occur. We found that the bathymetry features and seafloor depth appear to diminish the tsunami efficiency along the central Costa Rican Pacific margin, whereas, for example, in the Papagayo segment similar events tend to generate higher amplitudes as measured in offshore gauge close to the shore. The apparent lack of large tsunamigenic sources in some segments could be related to heterogeneous coupling along the entire MAT with higher coupling along the Guatemala margin and the Nicoya Peninsula, but lower coupling along the other segments (Á lvarezGómez et al. 2008; LaFemina et al. 2009; Pacheco et al. 1993; Ye et al. 2013) . However, in the last two decades, two tsunamis occurred along Nicaragua and El Salvador; both earthquakes are characterized by slow and long ruptures (Ye et al. 2013 ). On the other hand, we could be missing recurrence of tsunamigenic earthquakes due to short time window covered by seismic catalog, which makes paleotsunami studies the key to improve tsunami hazard assessment in the region.
Our simulations suggest that the maximum expected scenarios would occur if a ruptures extend close to the trench, as was shown with fault PM2 (M w 7.7). Thus, most of the tsunami threat comes from the Papagayo-Masachapa segment and it is very much dependent on characterization of subfaults and the directivity of the fault, still the 9 m wave heights resulted when we use a depth rigidity variation in the fault model in contrast to PM4 fault. In the latter, a maximum 4 m wave height is expected. Comparatively, these simulated water heights of PM2 are very similar to run-up generated by the 1992 Nicaragua event.
Simulations based on earthquakes offshore Nicoya Peninsula show that northwestern Costa Rica could be struck by tsunami if an earthquake occur in a place where some authors have proposed strain accumulation at the shallow parts of the seismogenic zone (e.g., Feng et al. 2012) . These results highlight how water heights are enhanced at the coast when the main slip occurs along the shallow parts of the megathrust and at deeper ocean depth (Geist 2009 ). Thus, we have concluded that a main constraint is not necessarily the size of the earthquake, but also the possibility that large slip can occur on the shallow region near the trench generating tsunami earthquakes such as the 1992 M w 7.6 Nicaragua that triggered 10-m waves and the 2012 M w 7.4 El Salvador that triggered 6-m waves (Borrero et al. 2014) . Worldwide examples of recent tsunamis draw attention to the tsunami excitation even with moderate earthquakes like the 2010 M w 7.7 Mentawai event (Lay et al. 2011; Newman et al. 2011; Hill et al. 2012) . In all these events, great seismic slip has unexpectedly occurred in the shallower regions of the mega-thrust.
The slip concentrated near the up-dip edge of the rupture greatly increases the tsunamigenic potential of shallow subduction zone earthquakes (Geist and Bilek 2001) as was shown in the PM2 model. This scenario resulted with wave amplitudes of about 6-9 m in northwestern Costa Rica. Thus, the particular case of the tsunami earthquakes should be considered in tsunami risk assessment in Central America since moderate earthquakes with reduced rupture velocity have occurred along the shallow parts of mega-thrust generating large tsunamis. We show that events extending to shallow parts of the mega-thrust can greatly contribute to tsunami generation such as tsunamis earthquake in the sense of Kanamori (1972) . Moreover, the earthquakes whose rupture extends to the shallow parts of the mega-thrust like the 2011 M w 9.0 Tohoku earthquake could locally amplify tsunami even for moderate events yielded by higher slip close to the trench (Kodaira et al. 2012; Ulutas 2013) . Tsunami earthquakes and other shallow ruptures still challenging the tsunami early warning systems (Newman and Okal 1998; Ulutas et al. 2012) .
Moreover, the outer rise faults considered in this study are capable of generating tsunami where the highest wave amplitudes occur mainly normal to the source; this is more evident in the case where the fault segments are closer to the coastline. The high tsunamigenic potential of these earthquakes is explained due to the relatively shallow ruptures and the fact that the large seafloor subsidence occurs at very deep ocean bottom.
We show that the regions of major concern are located along south Nicaragua and central Nicoya Peninsula, where bathymetry is flatter compared to coastal sites in northern Nicoya. On the other hand, small bays at northern Nicoya could suffer of local effects that enhance amplitude of the wave. Wave heights at the shoreline are controlled by many parameters starting from the earthquake source characterization and location such as the seismic moment, slip distribution, bathymetry surrounding source area and properties of shallow bathymetry and the topography as well as the configuration of the coast (i.e., bays, estuaries, etc.). In most of the simulations, differences in wave amplitude occur between Samara beach and the adjacent Carrillo beach. These effects can be seen along small bays such as Coco and Carrillo beaches. More studies using finer bathymetry are needed to account for the possible local bathymetry effects that could modify wave evolution and inundation patterns. At the time of this study, finer bathymetry did not exist for the coast; hence, small and shallow coastal features not imprinted in our grid resolution could affect amplitude at shoreline and run-up (Kanoglu and Synolakis 1998) . Therefore, we would need to refine the models using bathymetry with at least 1-to 10-m resolution in the shallower ocean bottom to account for effects of coastal features on the tsunami waves.
Conclusions
We have conducted for the first time a study that considers multiple local seismic sources along the southern Middle America convergent margin. We show that Nicaragua and Costa Rica lie in a tsunami-prone area where further hazard assessment is required that could aid increasing awareness and improving the risk management. One of the major outcomes of this research is therefore the recognition that even earthquakes with magnitudes ranging between M w 7.6-8.0 at the southern MAT are likely to generate potentially dangerous tsunamis with wave heights *4-6 m mainly along the Nicoya and Central Costa Rican margin. Most of the tsunami threat comes from the Papagayo-Masachapa segment or as expected from mega-earthquakes that rupture multiple segments which could greatly affect Nicaragua with wave heights about 9 m. What is more striking is that tsunamis could reach the coastal towns in less than 5 min. In terms of risk management, these results highlight the importance to find consistent strategies to inform the people to proceed with fast evacuations when offshore earthquakes are identified.
We have dicussed mainly simulations of moderate earthquakes i.e., Nicaraguan margin. Despite not large ruptures have been shown, herein the tsunami worst cases are consequence of the high slips at the shallow parts of the megathrust. This deterministic tsunami study contributes to the understanding of tsunami threat along Central America and sets the basis for evacuation maps. Nonetheless, performing the probabilistic tsunami hazard assessment is required in order to evaluate the probability of occurrence needed to assess the tsunami risk posed by multiple sources that may occur with longer recurrence times.
Finally, an important question rose: if our results show tsunami potential from sources that represent plausibly moderate-to-large earthquakes, why these events are lacking on the historical records of almost 500 years? This question is open to the understanding of complex nature of the rupture such as how the barriers and asperities allow moderate or huge earthquakes, and possibly to account for the longer return periods of such events. If similar ruptures have happened in the past, the paleotsunami records and probabilistic tsunami hazard assessment could aid in pursuing part of the answer.
